The aim of this work is to investigate the effects of 593 MeV Au irradiation using two different projectile charges, namely Au 30+ and Au 46.3+ on the structural, transport and magnetization properties of Co/NiFe/Co/Cu multilayers. X-Ray diffraction and extended x-ray absorption fine structures measurements show no significant structural change for as deposited and irradiated multilayers. On the other hand, the magnetoresistance amplitude decreases with the ion fluence but it is insensitive to the projectile charge state.
I -Introduction
Fast heavy ions may lead to permanent material changes in a small cylinder along the nearly straight ion path, giving rise to the so-called ion tracks. Different explanations for the basic mechanisms for the track production have been proposed [1] [2] [3] [4] [5] [6] [7] [8] [9] , but all of them depend on the electronic ionization along the ion path and thus on the projectile charge. All these mechanisms may finally yield an unordered atomic motion and if a critical local lattice temperature is exceeded, permanent atomic rearrangement may result. The influence of the nuclear tracks has been widely studied in polymers, semiconductors and metallic glasses [10] [11] , but in much less extension for magnetic materials.
Multilayer (ML) magnetic systems have been widely investigated since the discovery of the phenomenon of giant magnetoresistance (GMR) [12] , because of their great potential for applications in magnetic recording technology [13] . In particular studies using low energy ions, where nuclear stopping power predominates, show that the ion bombardment can promote local atomic diffusion and modification of the magnetic properties of the target. For instance changes in the coercivity , uniaxial magnetic texture, interface mixing and phase transformation have been reported for Fe/Co systems [14] [15] [16] [17] . Furthermore the suppression of exchange bias [18] and modification of the perpendicular interface anisotropy [19] have been observed by keV He ions irradiation.
Also these low energy ions may be used to control of interlayer exchange coupling [20] and to induce chemical order in intermetallic alloys [21] . Swift ion irradiations with 350
MeV Au ions also lead to changes in magnetism and microstructure as recently observed in Fe/Si systems [22, 23] .
The ion irradiation at low energies may increase the GMR in few cases (depending on the ion fluence) but mostly it leads to a degradation of the GMR [24] [25] [26] [27] .
The observed reduction of the GMR and the partial loss of antiferromagnetic coupling were interpreted in terms of the creation of ferromagnetic pinholes. Some few investigations using high-energy ions such as 200 MeV Ag-ion irradiations [28] [29] [30] also show a decrease of the GMR in Fe/Cr MLs. Sputtered Co/NiFe/Co/Cu MLs are of particular interest due their large GMR at room temperature [31] [32] and they are sensitive to the ion irradiation [32a-34b] . For the Permalloy the influence of ion implantation and irradiation has been investigated at low as well as at high projectile energies. Experiments of high-energy heavy ions show a large shift of the Curie temperature due to a negative pressure effect introduced by the irradiation [32a,32b,32c] . On the other hand, a for lower projectile energies, NiFe has been implanted with Cr ions [33] to reduce the Curie temperature and irradiated with 200 keV Ar ions to alter the local anisotropy direction allowing for anisotropy nanopatterning [34] .
For the pure metals components, the high electronic energy deposition due to highenergy heavy ions leads to creation of additional defects as well as phase transformation [34a,34b] .
In this work we have used high-energy Au ions at 593 MeV to irradiate Co/NiFe/Co/Cu MLs. These ions deposit a huge quantity of energy in the form of electronic excitations of the atoms inside the sample. The specific electronic energy loss of about 60 keV /nm exceeds the energy given to the ballistic motion (nuclear energy loss) by a factor of 300 and is much larger than the one used in previous measurements [28] [29] [30] . Moreover we have used two projectile charge-states, namely the nonequilibrium charge state Au 30+ from the cyclotron and Au 46.3+ after charge equilibration in a thin carbon foil, which have different electronic stopping powers, to probe the magnetic properties of Co/NiFe/Co/Cu MLs for two excitation conditions.
We have studied the effects of the Au irradiation (with small fluence < 10 14 Au/cm 2 and two projectile charges) on the electron transport (using GMR measurements), on the structural (using x-ray diffraction XRD and absoption EXAFS) and on magnetic properties (investigating the hysteresis curves). In Sec. II we describe the experimental procedure to prepare the Co/NiFe/Co/Cu MLs as well as the conditions for the ion irradiation. Then, in Sec. III, we shall give the results of the different characterization techniques and finally in Sec. IV the results will be discussed in connection with high-energy irradiation models.
II -Experimental Procedure
In homogeneously by means of a x-y-sweeping system. In order to minimize the overheating of the samples, they were fixed using carbon glue with high thermal conductivity. In this way, the target temperature during the irradiations has been kept below 80 o C.
The Au 30+ beam was provided directly by the cyclotron. A stripper foil made of 100 µg/cm 2 amorphous carbon about 0.5 m in front of irradiation chamber provided a quasi-equilibrium charge-state distribution peaked at Au 46.3+ . Fig. 1 between the two beams when averaged over a depth of 68 nm.
The highly charged ions and the large incidence angle have been selected in order to increase the sensitivity of the ion irradiation. Afterwards, the samples were analyzed by measuring x-ray diffraction (XRD), extended x-ray absorption fine structure A Philips X'Pert θ-2θ diffractometer employing Cu Kα radiations was used to obtain the large-angle diffraction and the small-angle x-ray reflectivity scans.
The x-ray absorption measurements at the cobalt and copper K edges were performed at the Laboratório Nacional de Luz Síncrotron -LNLS, using the XAFS1 beam line [39] . A "channel cut" Si (111) crystal monochromatized the collimated X-ray beam with 1mm vertical slits placed before the monochromator corresponding to a resolution of E/∆E=7000. The monochromator was calibrated at the K edges using cobalt and copper standards. The samples were measured using the so-called total yield technique with the incident beam at 45 o with respect to the substrate surface.
EXAFS spectra were recorded for incident photon energies from 7600 to 8220 eV at the Co K edge and from 8880 to 9700 eV at the Cu K edge. An energy step of 2.0 eV and acquisition time of 2 s/point was used. An average of three acquisitions was performed to obtain good signal-to-noise ratio.
The EXAFS spectra were analyzed using the IFEFFIT analysis package [40] . The analysis was performed using the following general procedure: removal of the isolated atom background function from the experimental X-ray absorption coefficient data, then a Fourier transform (FT) in the range 2.2 and 11.8 Å -1 was applied using a Hanning window. Structural parameters were obtained from a least-squares fit to the data in rspace using phase shift and amplitudes obtained from the FEFF code [41] calculated for Co and Cu metals in an fcc packing. The ATOMS program [42] was used to prepare the structural input for FEFF. Fits determined the distance variation with respect to the bulk material (∆R), the Debye Waller factor (σ), the energy shift (E 0 ) and the passive electron reduction factor (S 0 2 ).
MR at room temperature was measured using the standard four-probe technique with a constant current source (~1mA) and a nanovoltmeter. The external field up to 1 T was applied in plane of the film and orthogonal to the current. The in-plane fielddependent magnetization was measured with an alternating gradient force magnetometer.
III -Results

III.1 -X-ray diffraction
The large-angle diffraction scans are shown in Fig. 2 formula, we estimate a grain size normal to the surface of about 185 Å. After the irradiation, the linewidth of the (111) Bragg peak is nearly unchanged so that no sign of significant grain size modification is observed. The decrease of the relative intensity of the (111) peak after irradiation indicates a slight change in the film texture [43] . Figure 3 shows the reflectivity pattern of the MLs irradiated with different Au fluences and charge states (see caption). Two Bragg structures (a minimum and a maximum) associated to the ML periodicity are visible (see the arrows in Fig. 3 ) for as deposited and irradiated MLs, confirming that the multilayer structure is intact. As the atomic scattering factors of NiFe, Cu and Co are very close, it is hard to fit the reflectivity data to get reliable information since many solutions can be found. However, the height of second Bragg peak (see Table 1 Table 1 and curves b and c or d and e).
III.4 -Magnetization
The normalized magnetization curves for the as deposited sample are shown in Fig. 8 . For the as deposited film, the curve exhibits a small remanent magnetization (M r ) and a slow approach to saturation, indicating a significant interlayer antiferromagnetic coupling (see values in Table 1 ). With the increasing ion fluence, we note an increase of the direct ferromagnetic coupling, with the increase of the M r and rapid approach to saturation, probably caused by the presence of the pinholes. The effect of the charge state is negligible, since the M r value does not change significantly when the charge state changes from Au 30+ to Au 46.3+ for both fluences, although some differences can be observed (see Table 1 ) for the smallest fluence.
IV -Discussion
The subtle modification in the microstructure induces distinct changes in the magnetization curves (increase of the M r ) and a strong decrease of the GMR effect with increasing fluence. The correlation between changes in the GMR and M r suggests that the main effect responsible for the decrease of the GMR is caused by ferromagnetic pinhole creation.
In principle these pinholes could be the ion tracks themselves. In fact the energy transfer to electronic excitations is so huge that demagnetization inside of the ions track could be expected. Because of the metallic behavior of the samples, effects of Coulomb explosion [1] [2] [3] could be ruled out, considering the short live time of the positive spatial charge along the ion track. Instead, in theses systems one may expect a formation of hot electronic plasma around the ion track according to the electronic thermal spike model [4] [5] [6] [7] [8] [9] . Since the electron temperature can be extremely high [45] , some modification of the microstructure can take place through the electron-phonon coupling. Nevertheless, it depends on the electronic energy density delivered by the ion beam and the migration energy of the different atoms in the present magnetic MLs. Although the electronic stopping power of 593 MeV Au ions is very large, it is possible that it is not large enough to create a permanent ion track or to produce an interface mixing in the investigated ML system. There might be a strong recrystallization tendency and only some energy-loss fluctuations (discontinuous ion track) would lead to permanent changes. This could explain the subtle changes of the microstructure observed by XRD and EXAFS.
However, the use of two different projectile charge states (the use of different electronic excitations) should have produced distinct discontinuous ion tracks, which would affect the GMR and the magnetization measurements. Nevertheless, as can be observed in Figure 7 and 8, both measurements do not depend on the projectile charge.
Another issue to be observed is the effect of the nuclear stopping power.
Although the energy given to set up atomic motion in cascades is about 300 times smaller than the energy delivered to electronic excitations, its absolute value is not negligible. In fact it is smaller than the ones used in low-energy experiments (a factor of 2 for 40 keV
Ne experiments [46] and a factor of 6 for 200 keV Ar experiments [47] ). However, the product of specific nuclear energy loss and fluence for the onset of magnetic effects in these low-energy experiments is about the same as in current experiments. Moreover, the nuclear energy loss at the present energy range is weakly sensitive to the projectile charge-state since the target is neutral, limiting the range of the potential. In that way, the present results, which are in fact very similar to the findings observed at lower irradiation energies such as with 200 keV Ar-ions in Fe/Cr MLs [47] , indicate that the nuclear stopping power is probably responsible for a pinhole creation.
Concluding Remarks
We have observed changes in the magneto resistance and magnetization with swift Au irradiations, which are probably related to ferromagnetic pinholes. However, they are not produced directly by electronic spikes since these changes are weakly sensitive on the projectile-charge state, which in turn causes a large variation of the electronic energy deposited in the present Co/NiFe/Co/Cu ML system. ion charge state. The labels are the same as in Fig. 3 . Tables   Table 1 -Values of the Bragg peak amplitude, remanent magnetization and magnetoresistance amplitudes, extracted from Fig. 3 , Fig. 8 and Fig. 7 
